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Abstract 
There are several mechanisms for the inspection of tool-wear, especially via the Acoustic Emission (AE) method. However, the 
signals obtained can be affected by the tool geometry, machine vibrations and noise.  In this paper wave propagation in cutting tool 
tools is studied.  The purpose is to gain a better perspective of the way that the tool geometry affects the propagated AE signals.  
This is performed through the Boundary Element Method 2D simulation. More specifically, the time-frequency response of the tool 
is given in various cases, such as in the coated / uncoated, clamped / unclamped and new / worn tool. 
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1. Introduction 
The importance of maximizing the tool working time 
is directly related to the cutting-process optimization in 
modern manufacturing [1][2]. It is clear that balance 
among the tool wear, surface quality and productivity is 
of paramount importance [3]. There is a trend of 
integrating  several monitoring approaches through 
sensor fusion into developing the tool condition 
monitoring systems (TCM). Such solutions are very 
important for the development of new and more 
effective systems for the monitoring of the material 
removal process [4].  A variety of sensors is used in 
order for the necessary information on the machining 
process to be captured, such as Load Cells, 
Accelerometers or Acoustic Emission (AE) sensors, 
depending on the desired level of precision and the given 
application.  As shown in Figure 1, AE sensors are rather 
adequate for high precision machining, due to their 
sensitivity ratio of high noise. Acoustic emissions are 
collected using highly directional microphones (robust 
enough for machine shop environment) or acoustically 
bonded thin film piezoelectric sensors, capable of 
sensing and transmitting acoustic waves that travel over 
the surface of the test-piece [5][7]. A major advantage of 
AE sensors is their ability to deal with frequencies 
higher than the ones of the machining process, thus, 
limiting the introduction of noise to the generated signals 
[8][9]. Throughout literature, a number of research 
studies exist for the identification of tool wear via AE 
signal. AE signals measured at the tool shank show a 
characteristic pattern according to the work piece 
material and are highly affected by crater type tool-wear. 
On the other hand, flank type wear can be better detected 
measuring AE signals on the work-piece [10]. In [11], 
spectral attributes, such as the predominant frequencies 
are related to the tensile stress-strain curve of AlSI 316 
stainless steel. In turning, AE data are used to link 
skewness and kurtosis of statistical distributions with 
flank wear [12], investigate the noise created by multiple 
sources such as abrasive wear [13], detect tool chipping 
[14] and fracture [15]. Moreover, different tool wear 
cases can be detected by applying the sensing principle 
of AE signals [16]. Furthermore a model has been 
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developed in [17] to link tool geometry change, cutting 
forces and friction, with obtained AE signals. 
 
 
Fig. 1. Sensor application vs. level of precession and control 
parameters [18] 
A common denominator of all the previous studies is 
the wave propagation of the AE signals within the tool 
itself.  In this work, the wave propagation within a tool 
of a turning machine is studied with the help of 
numerical simulations. The interpretation of the results is 
shown mainly in the frequency domain. The overall 
objective is that the AE spectra can be correlated with 
crater-wear and tool configurations. 
2. Model Setup 
The method used in the current study is that of two-
dimensional Boundary Element (BEM) for dynamic 
classical elasticity [19][20]. The high accuracy (due to 
utilization of integral representation of the solution) and 
the requirement for only boundary meshing indicate the 
method’s suitability for the current investigation. The 
tool’s geometry is shown in Figure 2 for a new (a) and a 
worn (b) tool. The wear resembles to the crater wear 
case [21], with its shape being parabolic. The above 
assumption succeeds in having the simplest polynomial 
form with adequate degrees of freedom for depth 
controlling and smoothness. The clamping points are 
shown (“A” and “B” rectangles in (c)), as well as the 
various excitation cases (d): F1, F2, F3, F4, for the 
simulation of the S0 propagation [23], the cutting force 
[1], the friction with the workpiece and with the chip, 
respectively. In all sections, unless it is stated otherwise, 
the case of clamping is considered being “A”. The 
excitation in time is assumed to be a discrete time Dirac-
Delta, with Nt=1024 time-steps. The time interval of the 
simulation is case dependent (ca. 100 microseconds in 
wave propagation and 5 seconds in oscillations). 
 
 
Fig. 2. (a) Normal (New) tool geometry (b) Worn tool geometry (c) 
Clamping positions (d) Excitations (F1: S0 generation, F2: Cutting 
force, F3: Friction with piece, F4: Friction with chip) 
Frequently a turning tool is made of High Speed Steel 
(AISI T1). Its indicative composition is 76.02% Fe, 
0.75% C, 4.13% Cr, 18% W and 1.1% V. As an 
approximation, the material of the tool hereby is 
considered being steel with elastic properties as 
indicated in Table 1. 
Table 1. Steel Elastic Parameters 
Young modulus 200 GPa 
Poisson ratio 0.29 
Density 7860 kg/m3  
 
However, the effect of microstructure would change 
the time-frequency representation of the obtained signal 
[23] in terms of dispersion, so the material was 
considered being pure and without size-effects. A small 
value of dumping has been assumed (0.5% of the Young 
modulus) for clearer and more realistic numerical 
results. Moreover, the BEM procedure transforms the 
integral representation (in frequency domain) of the 
problem into an algebraic system, through collocation 
and numerical integrations along the elements. After the 
terms of this system have been rearranged and the 
boundary conditions applied, a linear algebraic system; 
whose solution takes into consideration the unknown 
harmonic nodal values of displacement and traction 
(normal stress), is to be solved. Finally, the inverse FFT 
is used to retrieving these values. 
3. Wave Propagation within tool 
Initially, the excitation has been assumed to be a 
distributed force, as indicated by F1 in Figure 2(d), so 
that the S0 elastic mode is propagated. Figures 3 and 4, 
present the results in terms of Wigner-Ville (W-V) 
transformation of the displacement of a node in the 
middle of the upper side of the tool, for a normal and a 
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worn tool, respectively. W-V transform is a non-linear 
version of Short-Time Fourier Transform (spectrogram). 
It offers better localization of the chirp signals in time-
frequency domain. It has been used for depicting 
dispersive wave propagation in media [22-23]. During 
the simulation, the waves were allowed to reflect once. 
The reflection is the second red vertical line appearing in 
both Figures (3 and 4) after 50 microseconds. It is 
denoted by a blue dotted square in Figure 3. 
 
 
Fig. 3. W-V transformation of the displacement – 
Normal Tool Case 
 
The Wigner-Ville (W-V) transformation is a non-
linear time-frequency representation. This implies that a 
point on the curve shows the time-of-arrival (horizontal 
axis) of the corresponding frequency (vertical axis). 
Each time-frequency representation is indicative of the 
status of the medium. In Figure 5, the W-V transform of 
the displacement of a new coated tool is shown. 
 
 
Fig. 4. W-V transformation of the displacement – 
Worn Tool Case 
 
The coating is 0.5 mm thick and consists of TiC, a 
material with Young modulus equal to 450 GPa, density 
4940 kg/m3 and Poisson ratio 0.185. The coating on the 
tool results in a wider frequency band change than it 
does in the worn uncoated case. This is due to different 
guidance of the waves within the tool. 
 
Fig. 5. W-V transformation of the displacement – 
Coated Tool Case. 
4. Comparative Analyses of tool configurations 
4.1. Tool oscillations & Wear 
By increasing the simulation time from 100 
microseconds to ca. 5 seconds, the tool oscillation can be 
investigated. The excitation is given by the cutting 
forces (F2 in Figure 2). The responses are depicted in the 
frequency domain as shown in Figure 6, for new and 
worn tools. 
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Fig. 6. Spectra (Magnitude) of the time-responses of 
the tools 
4.2. Tool oscillations & Wear 
In F3 case, the friction between the workpiece and the 
tool is simulated using a diagonal force. The results are 
presented in the frequency-domain in terms of 
displacement (Figure 7) between two cases of excitation 
(cutting force F2 denoted by red line and friction F3 by 
blue) for the worn tool geometry. The produced wave-
forms show similarities (they have been normalized with 
respect to each other). However, even when the phase of 
the spectrum is concerned (Figure 8), there are some 
slight deviations, as expected, since the different 
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location of the excitation only changes the phase, i.e. the
time of arrival of specific frequencies.
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Fig. 7. W Frequency Response (Magnitude) for piece
friction
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Fig. 8. Frequency Response (Phase) for Piece friction
Moreover, excitation F4 (Figure 2) is used to model
the friction between the tool and the chip. As it has been
observed (Figure 9), after a frequency threshold (ca. 40
kHz) the phase is almost reversed between the two
signals.
Fig. 9. Frequency response (Magnitude & Phase) for 
chip friction
The magnitude of the spectrum, at high frequencies,
is much smaller than that at the low ones. For reasons of 
completeness, a friction in time has been modeled,
completely statistically. For convenience, an auxiliary 
stochastic signal   has been set to be an Additive White
Gaussian Noise. The friction has been defined as a 
function of time equal to 1 (meaning that the chip
applies a unitary force on the tool) when   and equal to 0
(i.e. the boundary is stress-free).  The spectrum of this
friction signal has been then multiplied by the response
of the worn tool excited by friction with the chip.  Thus,
the response to friction can be calculated, since the
structure is linear. In Figure 10, the ensemble of three
different responses in the frequency domain (magnitude)
is shown for various stochastic friction excitations
(corresponding to three different auxiliary stochastic
signals).
Fig. 10. Frequency Responses (Magnitudes) to
random chip friction
4.3. Clamping Investigation
Following, the effect of clamping on the dynamic 
behavior of the tool is studied. The points where the
joints exist can be seen in Figure 2(c), indicated by “B”. 
The following cases have been examined:
1. The joints between the tool-holder and the tool
were considered being clamps.
2. Forces were applied at these points, so a slight 
deformation in the vertical direction was created.
The results are shown in Figures 11 and 12,
respectively, where the responses are indicated by blue
lines for the worn tool and by red for the new ones.
4.4. Micro-structure Effect Investigation
Finally, it is imperative to be investigated whether 
there are any effects of the micro-structure on the tool’s
macro-behavior.
In dynamic elasticity, these effects can be modeled 
with i.e. the gradient-elastic theory [22-23], taking into
account the grains of the material. Rough estimations
based on [23] for gradient elastic constants are given
below in Table 2.  The classical ones were considered 
being of pure steel, as above, since a mixture model
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would change the Young modulus and Poisson ratio with 
respect to the reference case (Figure 6). Figure 13, gives 
a comparison between the results for gradient elasticity 
and the classical elasticity in the case of a new tool. 
Clamping is the original case “A”, and excitation is 
performed by F2. 
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Fig. 11. Frequency Response (Magnitude) with tool-
holder clamping 
 
0 20 40 60 80 100 120 140
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
frequency [kHz]
Sp
ec
tra
 
 
normal
worn
 
Fig. 12. Frequency Response (Magnitude) with tool 
holder applying force on tool 
5. Discussion 
Utilizing elasticity terms, one can state that in order 
for the changes to be visible at the propagated waves, the 
corresponding wavelength has to be comparable to the 
size of the wear. Therefore, as verified by the time-
frequency representations of the waves shown above, the 
difference is apparent at ca. 800 kHz for steel, indicating 
that the corresponding wavelengths are 4 and 7 mm for S 
and P wave respectively. These values are comparable to 
the size of the wear (2 mm in depth and 10 in width). 
Moreover, at frequencies around 800 kHz the W-V 
diagram bends to the right (blue dotted square in Fig. 4). 
Table 2. Steel Gradient-Elastic Parameters 
Micro-structure 
characteristic size 
m10  
Micro-stiffness 
Parameters 
2/1  
2/2  
Micro-inertia 
Parameters 
2/1h  
8/2h  
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Fig. 13. Response for size-effected tools 
 
The energy delivered at these frequencies “remains” 
in the area of the wear and thus, is propagated within the 
tool at later stages. However, when regarding the 
oscillations of the tools, there exists a difference even at 
low frequencies and an index that could be used for the 
differentiation of the two responses (of the normal and 
of the worn tool) is that of the total harmonic distortion 
(THD%), applied to the first n maxima of the spectra: 
1
1
22
1100100%
N
n
nN aaTHD  (1) 
with na  being the n-th maximum of the spectrum. 
Therefore, for the index , the results are 5.59% for the 
new tool and 4.99% for the worn one. It can also be 
stated that the magnitude (especially its extrema) is 
mostly a function of the tool’s geometry and its elastic 
properties as a medium, since it can be assumed as an 
elastic cavity with specific natural frequencies. So, 
differences in spectrum due to excitation can primarily 
be detected in phase. Furthermore, as observed from the 
results concerning specific friction excitation (Figure 
10), the structure response can be clearly detected at the 
frequencies where the spectrum magnitude has near-zero 
values, being common in all three cases (5 kHz, 30 kHz, 
100 kHz). Moreover, when concerning clamping effect 
on insert, the harmonic content is changed radically. In 
the comparison of Figures 6 and 11, the changes indicate 
that the natural frequencies have changed due to 
clamping. The added clamps form new dynamics in 
terms of modes and natural frequencies as discussed 
previously. As a result, the dominant natural frequencies 
are larger, since the wave speed is a function of material 
properties. The difference, on the other hand, between 
the Figures 11 and 12 is of a smaller scale, solely due to 
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pretension. Finally, the material with the microstructure 
taken into consideration appears to be stiffer, as the 
dominating frequencies are shifting towards lower 
values and the energy of the response is smaller (and 
therefore smaller displacement). Validation of the 
computational results is to be considered in future 
studies.  The experimental validation will have a twofold 
structure.  Initially an offline investigation utilizing 
external excitation means aiming to isolate and indentify 
the signals desired features will take place.  Following, 
an online investigation will focus on the effect of the 
cutting forces during machining on the acquired signals. 
 
6. Conclusions 
In this work, 2D Boundary Element Simulations has 
been utilized for obtaining noiseless results in the case of 
elastic wave propagation within the tool, as well as its 
dynamic behavior in larger time-scales. It has been 
discussed how the material and the geometry of the tool, 
as well as the boundary conditions affect the AE signals 
that could be transmitted within. Namely, the: 
 Excitation: changes the phase of the AE signal 
spectrum 
 Clamping: makes higher frequencies of the AE 
dominant  
 Micro-Structure: lowers the extrema of the AE 
spectrum 
 Wear: changes the distribution of energy across 
dominant frequencies at relatively low frequencies. 
Further investigation is required in order for these 
effects to be detected automatically in the AE signals 
and isolate the information that these signals carry 
regarding tool wear.  Real time application during 
machining, of such findings, will enable machining 
optimization in terms of produced surface quality, in 
terms of detailed knowledge of tools condition.  
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